To explore the relationship between the mitral annular (MA) remodelling and dysfunction, mitral regurgitation (MR) severity, left ventricular (LV) and atrial (LA) size and function in patients with organic MR (OMR).
Introduction
Degenerative disease is the most common form of organic mitral valve (MV) disease in developed countries, 1 and the second most common valvular lesion needing cardiac surgery. 2 It is most frequently associated with MV prolapse (MVP) due to fibro-elastic deficiency and the Barlow disease, 1 characterized by leaflet redundancy and chordae elongation. Besides heart failure symptoms and mitral regurgitation (MR) severity, important factors also associated with progression of the disease are the left ventricular (LV) size and function, the development of atrial fibrillation, and the increase of pulmonary pressures, currently used for risk stratification and surgical decision. However, recent studies have revealed that left atrial (LA) and mitral annulus (MA) remodelling and dysfunction might also have prognostic implication in organic MR (OMR). 3 -5 LA function has been proposed as an additional tool to guide the optimal timing of surgery for MVP. 6 New three-dimensional transthoracic echocardiography (3DE) techniques and dedicated software for MV quantitative analysis revealed that patients with moderatesevere OMR also present remodelling and dysfunction of the MA. 3 -5 However, the presence of MR was associated with MA dilation and flattening in patients with MVP, 3 but the relation between the dysfunction of the MA and the severity of MR has not been assessed yet. Moreover, in patients with ischaemic MR, it has been proposed that enlargement of the LA has the potential to increase mitral leaflet tethering and worsen MR through a mechanism unrelated to LV remodelling. 7 However, in patients with OMR, the relation between the size and function of the MA and the size and function of LA and LV remains to be clarified.
Thus, we hypothesized that, in patients with OMR, the reduced function and the altered geometry of the MA are associated to the severity of the MR, and they are more related to LA than to LV remodelling.
Methods

Study population
Between January 2013 and January 2014, we enrolled 52 consecutive patients (57 + 15 years, 31 males) with mild to severe OMR due to simple or complex forms of MVP (40 patients) or the Barlow disease (12 patients) and 52 healthy volunteers matched for age, gender, and body size. All study subjects were in regular rhythm. Patients with more than mild aortic, tricuspid or pulmonary valve diseases, severe MV calcification, history of coronary artery disease, and poor apical acoustic window were excluded from the study.
Control subjects inclusion criteria were: age .17 years, no history or symptoms of cardiovascular or lung disease, no cardiovascular risk factors, normal ECG, and no cardio-or vasoactive treatment. Exclusion criteria were trained athletes, pregnancy, body mass index .30 kg/m 2 , and poor apical acoustic window.
Blood pressure, height, and weight were measured, and body surface area (BSA) was calculated in all subjects. An ECG was performed to confirm sinus rhythm in all subjects, and to exclude electrical abnormalities in healthy volunteers. University of Padua Ethics Committee approved the study (Protocol 2380 P), and all subjects provided an informed consent.
Echocardiography
Using a standardized acquisition protocol, all examinations were performed using commercially available Vivid E9 system (GE Vingmed Ultrasound, Horten, Norway) equipped with M5S and 4 V probes. First, standard transthoracic echocardiography was performed to assess the aetiology and severity of the MR in patients with degenerative MV disease, and to exclude subclinical heart diseases in control subjects. Three consecutive cycles were recorded at a frame rate between 60 and 80 fps during breath hold with stable ECG tracing to obtain suitable apical views for the LA and LV two-dimensional (2D) speckle-tracking analysis. 8, 9 Then, three separate full-volume multi-beat 3D datasets of the MV, LV, and LA were acquired by combining six consecutive ECG-triggered sub-volumes to obtain high temporal resolution. Acquisitions were performed during patient's breath holding and avoiding patient or probe movement in order to obtain datasets free of stitching artefacts. Care was taken to encompass the MV and the entire LV and LA cavities in the datasets.
Image analysis
In patients with OMR, the MVP was defined by the displacement of more than 2 mm of one of the MV leaflet below the MA plane 1 and the differentiation between MVP and the Barlow disease was made using both 2D and 3DE morphological assessments of the MV leaflets. 10 A leaflet was considered flail when the leaflet edge was pointing retrograde into the LA at end-systole, whether or not ruptured chordae were seen. 11 The MR severity was graded from mild to severe using both 2DE qualitative and quantitative assessment according to the current guidelines. 12 Mitral regurgitant jet vena contracta, proximal isovelocity surface area (PISA) radius, effective regurgitant orifice area (EROA), and regurgitant volume (RVol) were measured.
Quantitative analysis of left cardiac chambers geometry and function
2D and 3DE datasets of the LV were stored digitally in raw-data format for offline analysis using commercially available software package (EchoPAC BT 12, GE Vingmed Ultrasound, Horten, Norway). Quantification of 3D LV volumes and LV ejection fraction (LVEF) was performed using 4D Auto-LVQ option, as previously described and validated against cardiac magnetic resonance. 13 LV myocardial deformation in the longitudinal, radial and circumferential components was assessed using 3D speckletracking analysis to measure global LV longitudinal (GLS), radial (GRS), circumferential (GCS), and area (GAS) strain, as previously described. 13 3DE full-volume datasets of the LA were converted to DICOM format and analysed using dedicated software designed for volumetric analysis of the LA, recently validated against cardiac magnetic resonance (LA analysis 2.3, TomTec Imaging Systems, Unterschleissheim, D). 14 As previously described, 14 the maximum (LAVmax), minimum (LAVmin), and pre-atrial contraction (LAVpreA) volumes of the LA were measured. Then, using the LA volumes, the software automatically assessed the active, passive, and total LA emptying fractions 14 (Figure 1) .
2DE datasets dedicated for the LA were digitally stored for offline analysis of LA myocardial function, using Q-analysis option (EchoPAC BT 12, GE Vingmed Ultrasound). The LA endocardium was manually traced when the LA was at its minimum volume after contraction 9 and a peak global longitudinal atrial strain (LAS) curve was automatically generated which included a negative deflection (negative LAS), representing LA active contraction, followed by a positive one (positive LAS) during LA filling. The summation of negative and positive LAS was recorded as total LAS. Using the same cineloop, the software automatically displays the strain rate (SR) curve of the LA. The positive peak during LA filling (positive LASR), early negative peak during early LV filling (early negative LASR), and the late negative peak during the atrial contraction (late negative LASR) were also recorded. 9 Quantitative analysis of the mitral annulus 3DE MV datasets were converted to DICOM format and analysed using dedicated software for MV quantitative analysis (4D-MV assessment 2.3, TomTec Imaging Systems, Unterschleissheim, D), as previously described. 15 Mitral annulus analysis started by identifying three time points: early-systole-the frame after the MV closure (MVC); end-systole-the frame just before MV starts to open; and mid-systole-the frame midway between MVC and end-systole. After adding anatomical landmarks for the MA, aorta, and leaflet coaptation point, the software created a static 3D model of the MA and leaflets at mid-systolic frame (static analysis) ( Figure 2) . Afterwards, the MA was tracked in each frame of the cardiac systole (dynamic analysis) ( Figure 2 ). Manual edits of the dynamic models were performed as needed. Quantitative parameters of MA geometry were as follows: MA 3D and 2D (projected) areas; MA circumference; anteroposterior (AP) and anterolateral-posteromedial 3D Quantification of the mitral annulus function in organic mitral regurgitation (AL-PM) diameters; MA sphericity index; MV commissural diameter; anterior leaflet area (ALA) and length; posterior leaflet area (PLA) and length; the non-planarity angle of the MA; MV annular height; MV tenting height, area, and volume; and Ao-AP angle. For all quantitative parameters, the values at MVC, mid-systole and end-systole, and the minimal value have been recorded. In addition, we recorded the time interval from the MVC to the moment of its minimal value expressed as percentage (%) of the total duration of the systole. MA diameters, area, and circumference were indexed by patients' BSA.
The software provided also the MA displacement, displacement velocity, and fractional area change. In addition, the fractional change (difference between the maximal and minimal value, divided by the maximal value, and expressed as percentages, %) of MA circumference, AP, and AL-PM diameters were also calculated.
Statistical analysis
Normal distribution of variables was checked by the Kolmogorov -Smirnov test. Continuous variables were summarized as mean + SD, and categorical variables were reported as percentages. Variables were compared between groups using paired t-test. Two-way ANOVA for repeated measures test was used to assess the dynamic changes of the MA parameters at each reference-point of the cardiac cycle. In patients with OMR, Pearson's correlation was used to analyse the relationships between MR severity parameters and MA function indexes, and between MA function indexes and parameters of LA and LV size and function. Multiple linear stepwise regression tests were used to identify the parameters that independently correlated to the MA reduced function in the group with OMR, by introducing in the models only parameters that were related to the MA fractional area change.
Inter-observer variability for MA assessment using 3DTTE was performed in 17 random healthy subjects by two independent observers by blinded offline analysis of the same 3D dataset, as previously reported. 15 One observer repeated the measurements of the same datasets 7 days later, to assess the intra-observer variability. Reproducibility was reported as intra-class correlation coefficient (ICC).
All analyses were carried out using SPSS version 20.0 (SPSS, Inc., Chicago, IL) and MedCalc version 10.0.1.0 (MedCalc Software, Mariakerke, Belgium). Differences among variables were considered significant at P , 0.05.
Results
Study population's characteristics
Demographics and general characteristics of the 52 patients (age range 17 -85 years, 60% males) and 52 controls enrolled in the study are summarized in Table 1 . Two patients with OMR were excluded from the initial lot of 58 due to advanced age (difficulty of finding matched control), and 4 of them due to poor quality image of the 3DE MV dataset. The remaining 52 patients with OMR presented anterior or posterior leaflet prolapse (40 patients) or the Barlow disease (12 patients). Among them, 14 patients were found to have MV leaflet flail, and 38 had MV leaflet prolapses without flail.
In patients with OMR, PISA radius could be measured in 45 (87%), RVol could be calculated in 30 (58%), and EROA in 27 (52%). In the remaining patients, the quantitative parameters for MR severity could not be measured because they had milder degrees of MR. According to current recommendations for the assessment of OMR severity, 50% of our patients had severe MR ( Table 1) .
Even though patients with OMR presented larger LV volumes than controls, the LVEF was similar in the two groups ( Table 1) . Three-dimensional LV GLS was also similar between patients with OMR and controls (18.3 + 3 vs. 18.6 + 4%, P . 0.05). As expected, patients with OMR had dilated LA ( Table 1) .
The temporal resolution and feasibility of quantitative analysis of the 3D datasets and speckle-tracking analysis was summarized in Table 2 . The number of systolic frames in each 3D dataset dedicated for the MA analysis ranged from 11 to 21, depending on patient's heart rate or acquisition settings and did not differ between patients with OMR and controls.
Mitral annulus analysis in patients with organic mitral regurgitation compared with controls
When compared with controls, patients with OMR presented larger MA diameters, area and circumference during the entire cardiac systole (Table 3, Figure 3 ). At the MVC, the MA area was 37% larger in patients with OMR. While ALA was similar between patients with OMR and controls, the PLA was larger in patients with OMR, leading to a significantly decreased ALA/PLA ratio in OMR compared with controls.
Moreover, the times to minimum AP and AL-PM diameter, as well as of minimal MA area and circumference were longer in patients with OMR than in controls ( Table 3) . Patients with OMR showed more spherical mitral annuli throughout the entire cardiac systole, with a delayed occurrence of minimal MA sphericity.
At MVC, MA non-planarity angle, MV tenting volume and MV tenting area were similar between patients with OMR and control subjects. Conversely, from mid-to end-systole, the non-planarity angle became progressively larger in patients with OMR than in controls. At the same times, the MV tenting area and volume became progressively smaller in OMR than in control subjects ( Table 3 , Figure 3 ), due to the MV leaflet prolapse. However, the timing of the minimum non-planarity angle did not differ among groups. At MVC, MV annular height was similar between patients with OMR and controls. However, it became smaller in patients with OMR than in controls from mid-to end-systole. 3D Quantification of the mitral annulus function in organic mitral regurgitation MA fractional area change was lower in patients with OMR than in controls ( Table 4 ). AP and AL-PM diameter fractional changes were also reduced in patients with OMR when compared with controls, but more for the AP size than for the AL-PM one. While the MA displacement was similar between groups, the displacement velocity was higher in patients with OMR than in controls.
Mitral annulus size and function related to mitral regurgitation severity MA area from patients with OMR presented significant correlation with PISA radius and EROA (r ¼ 0.40, P ¼ 0.013 and r ¼ 0.40, P ¼ 0.046, respectively). PLA also presented a positive correlation with PISA radius (r ¼ 0.33, P ¼ 0.028). Furthermore, MA fractional area change presented an inverse correlation with all quantitative parameters of MR severity (Figure 4) .
The relation between mitral annulus and left chambers size and function in patients with organic mitral regurgitation MA area and circumference measured at mid-systolic frame presented a modest, but significant positive relation to LV end-diastolic and end-systolic volumes (r ¼ 0.44 and r ¼ 0.46, respectively, both P ¼ 0.001) ( Figure 5 ). However, MA fractional area change was not LA maximum volume correlated with both AP and AL-PM diameters of the MA (r ¼ 0.69 and r ¼ 0.50, respectively, for both P ≤ 0.001). LA maximum volume showed a positive correlation with MA area (r ¼ 0.63, P , 0.001) ( Figure 6 ), with ALA (r ¼ 0.53, P ¼ 0.001) and with PLA (r ¼ 0.55, P , 0.001). Furthermore, MA fractional area change presented an inverse correlation with the LA maximum and minimum volumes and a positive correlation with both total and active LA emptying fractions ( Figure 6) . MA fractional area change correlates with both negative LA strain and SRs, too ( Figure 6) .
In a multiple stepwise regression model using total and active LA emptying fractions, and minimal and maximal LA volumes, solely the active LA emptying fraction independently related to MA fractional area change (b ¼ 0.43, P ¼ 0.01). Moreover, in a similar model using negative LA strain and SR, solely late negative LA SR independently correlated to MA fractional area change (b ¼ 0.56, P ¼ 0.007).
Reproducibility
MA parameters obtained by 3DTTE showed excellent intra-and inter-observer reproducibility, with ICCs ranging from 0.87 to 0.98 for intra-observer, and 0.78 to 0.95 for inter-observer reproducibility ( Table 5 ).
Discussion
Our study provides a complete description of MA remodelling occurring in patients with mild to severe OMR by comparison with normal individuals, and analyses the relation between the function of the MA and MR severity. Furthermore, our study was the first to explore the relationships between LA and LV size and function and the remodelling and dysfunction of the MA in patients with OMR.
The main results of the study are as follows: (1) patients with OMR have increased MA size and altered MA geometry when compared with normal individuals; (2) in patients with OMR, the distortion of the MA geometry progresses from early to late systole by decreasing MA height and non-planarity angle; (3) in patients with OMR, the extent of MA area change during systole is decreased and delayed, but MA translation is preserved; (4) in patients with mild to severe OMR, the extent of MA area change during systole is inversely related to MR severity and it is further reduced in patients with leaflet flail; and (5) in patients with OMR, MA remodelling and dysfunction correlates with the LA size and function, but not with the LV systolic function.
Degenerative MR is the most common organic MV disease in developed countries, 1 and surgical repair remains the best treatment option for a patient with severe OMR. 16 Even if surgical MV repair was associated with good long-term survival and remained superior to MV replacement for long-term follow-up, 16 degenerative MV disease still has a sizable risk of recurrence of MR after surgery. This seems to be related to the progression of the MV and MA disease. 17 Moreover, one of the predictors for a successful MV repair is the extent of the MA disease. 18 Therefore, thorough assessment of the MA geometry and function and determinants of MA remodelling in OMR have become pivotal to understand the pathophysiology and the severity of OMR, and to plan effective reparative surgery.
Echocardiography guides the timing of surgical intervention by assessing MR severity, monitoring LV and LA remodelling, and estimating pulmonary-artery systolic pressure. 19 Currently, the only recommendation about the echocardiographic assessment of the MA before surgery is the measurement of its AP diameter using the 2DE long axis view of the LV. 20 However, accuracy of 2DE in measuring the AP diameter of the MA depends critically on correct alignment of anatomical landmarks, 21 and it is now widely accepted that the complex 3D and highly dynamic geometry of the MA cannot be comprehensively described by one single linear measurement.
The advent of 3DE, using dedicated software that extracts a realistic model of the MA from the 3D dataset and permits thorough MA quantitative assessment, completely changed our way of assessing MA shape and function. MA quantitative analysis has been used for a better understanding of OMR pathophysiology, 3 and in following up patients. 22 However, MA dynamics in OMR is still controversial, 3 -5 the relationship between the function of MA and MR severity has not been reported, and the relation between the remodelling of the MA and left heart chamber size and function remains to be defined.
Increased MA size in patients with OMR has already been documented. 4, 5 However, compared with the patients studied by Grewal et al. 4 who showed only persistent increase of the MA commissural diameter, the patients with OMR in our study presented an increase of all MA diameters. Similarly to our findings, Biaggi et al. 23 reported a progressive increase in both AP and AL-PM diameters in patients with OMR. We also found that, due to a disproportionate enlargement in the AP size, the shape MA of patients with OMR was more spherical than in controls. The increase of 37% in the MA area of our patients with OMR is lower than the increase of almost 80% in MA area from patients with OMR reported by Little et al. 5 However, the latter included only patients with at least moderate MR, while our study population enrolled patients with mild to severe OMR, with a significant proportion (25%) of patients mild MR.
Our patients with OMR presented larger MA size throughout the cardiac systole and decreased MA area contraction than controls. Grewal et al., 4 using 3D transoesophageal echocardiography and a different software package to quantitate the MV, reported similar findings. Conversely, in a similar study that used 3D transthoracic echocardiography, Little et al. 5 reported that patients with MVP have MA remodelling but preserved MA dynamicity, 5 even though the MA fractional area change was relatively similar to the one obtained in our patients with OMR (21 + 6 vs. 22 + 5%).
Interestingly, in our patients with OMR, the reduced fractional area change of the MA was related to the severity of the MR. This is, from the best of our knowledge, the first study that correlates the extent of MA remodelling and dysfunction with the severity of OMR. Furthermore, we found that patients with a flail of the MV leaflet showed a further decrease in MA fractional area change, suggesting that the decreased MA shrinking during systole might have an additional negative impact on leaflet stress and chordae tension. Our data complete the results provided by Lee et al., 3 which correlated the severity of the leaflet prolapse with the severity of MR. Conversely, the extent of MA displacement was similar in patients with OMR and control subjects. These data are in accordance with the similar LV systolic function between the two groups. Conversely, Little et al. 5 found a lower MA displacement in patients with OMR than in controls (9 + 3 vs. 11 + 2 mm). However, as mentioned above, the population from that study included patients with more severe degree of MR, so with a higher probability of having subclinical longitudinal LV dysfunction 24 due to chronic MR.
Even though patients with OMR presented relatively normal MA height and non-planarity angle at early-systole, the MA became progressively flatter from mid-to end-systole. MA non-planarity has been already reported to have a role in reducing MV leaflet stress. 25 The late systolic decrease in MA nonplanarity can additionally increase leaflet stress in patients with OMR, with elongation and secondary chordae rupture. 26 As expected, MV tenting height and volume decreased from mid-to Even though MA remodelling and dysfunction seem to be related to the severity of OMR, their prognostic value and their relationships to left cardiac chamber size and function have received much less attention. Grewal et al. 4 showed that the patients with OMR present a loss of early MA contraction, despite the same magnitude of LV contraction, and suggested a ventriculo-annular decoupling. Based on our findings, we suggest that, in patients with OMR, the MA size and reduced fractional area shortening are more related to the LA than to LV size and dysfunction, at least at a stage of the disease when the LV still has a preserved ejection fraction.
LA dilation and dysfunction documented by 2D speckle-tracking analysis have recently been reported to be an additional good predictor of the need for surgery in patients with OMR. 6 Moreover, LA size has already been shown to have an independent role in functional MR. 27 Starting from our finding of a significant association between LA and MA function, future research will be needed to evaluate if, in addition to the LA function, the MA dysfunction might be a prognostic factor to be used for timing surgery in patients with OMR and the effects of LA size and function on recurrence of MR after successful MV repair. This hypothesis is also supported by the fact that the only significantly different characteristic between patients with and without MV flail was the decreased MA systolic contraction, which may suggest that a reduced extent of MA area reduction during systole can also be involved in the occurrence of chordae rupture.
An issue that remains to be addressed is which is the cause and which is the effect in the relation between the MA and the LA remodelling, in relation with the MR severity. MA intrinsic dysfunction was previously suggested in patients with MVP, 28 especially in the Barlow disease, and the disease progression was suggested to have a role in the recurrence of the MR post-operatively. 17 However, the presence of the MR leads to MA and LA remodelling, which further increase the severity of the MR. Therefore, a prospective long-term study designed to analyse the MA and the LA remodelling in patients with progressive OMR would likely clarify the cause -effect of this relationship.
Study limitations
Our study documented an association between LA size and function and the extent of MA fractional area change in patients with OMR, without being able to specify if there is an actual cause -effect relation.
The need of multi-beat acquisition to achieve high temporal resolution limits the use of 3DE to patients with regular rhythm. Since many patients with MV disease show atrial fibrillation, the need of single-beat qualitative images is emerging as a clinical necessity to implement 3DE into the routine work-up of patients with MV disease.
In patients with mild MR, the CW-Doppler envelope of the regurgitant jet was not feasible for analysis due to a faint signal; therefore, the EROA and RVol could not be calculated in these patients. However, based on current guidelines recommendations, we used a multiparametric approach to assess the MR severity. Moreover, the EROA and RVol were calculated in all patients with more than mild MR, and used to separate between moderate and severe MR.
The software package used in this study performs MA tracking only during cardiac systole; therefore we were unable to analyse the MA dynamics during diastole. However, MA diastolic dynamics has been reported less accentuated and less important for the functional point of view. 29 
Conclusions
Our study reveals that in patients with mild to severe OMR due to MVP or the Barlow disease, the extent of MA remodelling and dysfunction is related with MR severity, and the presence of MV leaflet flail. Moreover, MA remodelling and contractile dysfunction are associated with LA dilation and dysfunction, and not with the left ventricle dysfunction. Our findings of a direct relationship between MA remodelling and severity of OMR and between MA and LA dilation and dysfunction should foster new clinical researches aimed to clarify the role of the LA remodelling in identifying the correct timing for MV repair and the effects of LA size and function on recurrence of MR after successful MV repair. 
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